Anorexia nervosa (AN) is an illness characterized by aversion to ingestion of normally palatable foods. We examined whether there is a primary disturbance of taste processing and experience of pleasure using a sucrose/water task in conjunction with functional magnetic resonance imaging (fMRI). To avoid confounding effects of illness, 16 women recovered from restricting-type AN were compared to 16 control women (CW). We used a region of interest-based fMRI approach to test the idea that individuals with AN have differential neural activation in primary and secondary taste cortical regions after sucrose and water administration. Compared to CW, individuals recovered from AN showed a significantly lower neural activation of the insula, including the primary cortical taste region, and ventral and dorsal striatum to both sucrose and water. In addition, insular neural activity correlated with pleasantness ratings for sucrose in CW, but not in AN subjects. Altered taste processing may occur in AN, based on differences in activity in insular-striatal circuits. These data provide the first evidence that individuals with AN process taste stimuli differently than controls, based on differences in neural activation patterns.
INTRODUCTION
Anorexia nervosa (AN) is a disorder of unknown etiology characterized by restricted eating, a relentless pursuit of thinness, and obsessive fears of becoming fat. The onset of AN tends to occur in early adolescence with approximately 90% of subjects being female (American Psychiatric Association, 1994) . AN is often characterized by a chronic and relapsing course (Herzog et al, 1996) and it has the highest death rate of any psychiatric disorder (Sullivan, 1995) . Moreover, the hospital utilization rate for AN is higher than for any other psychiatric disorder, aside from schizophrenia (McKenzie and Joyce, 1992) . In part, chronicity and the frequent need for hospitalization are a consequence of the limited efficacy of current pharmacologic and psychological treatments. While several lines of evidence implicate genetically mediated neurobiological factors as contributing to the development of AN (Bailer and Kaye, 2003; Bulik et al, 2006) , the lack of understanding of the pathophysiology of this illness has hindered the development of more effective treatments. For example, AN is characterized (APA, 2000) as an eating disorder (ED). Despite this categorization, it remains unknown whether individuals with AN have a primary disturbance of pathways that modulate feeding, or whether disturbed appetite is secondary to other phenomena, such as anxiety or obsessional preoccupation with weight gain.
The regulation of appetite and feeding are complex phenomena, involving peripheral and central pathways.
Until recently, few tools were available that could directly investigate the brain in vivo in humans. Brain imaging studies performed in the past decade in human and nonhuman primates show that a primary taste cortex resides in the rostral insula and adjoining frontal operculum (Scott et al, 1986; Yaxley et al, 1990; Faurion et al, 1999; Schoenfeld et al, 2004) . Some studies argue that these regions provide a representation of food in the mouth that is independent of hunger, and thus of reward value (Rolls, 2005) . The responsiveness of taste neurons in secondary regions, such as the orbitofrontal cortex (OFC), compute the hedonic value of food (O'Doherty et al, 2000; Kringelbach et al, 2003; Rolls, 2005) . Other studies (Small et al, 2001) raise the possibility that the insula and OFC contribute to feeding behavior by encoding changes in the value of food reward in addition to sensory processing, suggesting overlapping representations of sensory and affective processing of taste. Previous brain imaging studies have shown pictures of food to emaciated and malnourished AN individuals. These studies found altered activity not only in the insula and OFC, but in broad regions including mesial temporal, parietal, and the anterior cingulate cortex when ill AN subjects were compared to controls (Nozoe et al, 1993; Ellison et al, 1998; Naruo et al, 2000; Gordon et al, 2001; Uher et al, 2004) . In addition, one study used pictures of food and functional magnetic resonance imaging (fMRI) to study individuals who were recovered from AN (Uher et al, 2003) . That study found evidence of altered function in anterior supergenual cingulate cortex and medial prefrontal region. Together these studies support the possibility that cortical regions implicated in regulation of feeding behavior might be disturbed in AN.
When individuals with AN are underweight and malnourished, they display considerable disturbances of most physiological systems. Thus it is not possible to determine whether abnormal findings are cause or consequence of starvation. To avoid the possible confounding effect of starvation and emaciation on response to taste, we studied individuals who were remitted from restricting-type AN. Approximately 50% of individuals who have AN recover, in the sense that their weight and nutritional status normalize (Couturier and Lock, 2006) . However, these individuals often continue to have persistent dysphoric mood, obsessionality, and body image concerns, which are modest compared to the underweight state (Wagner et al, 2006a) . Since such symptoms are present in childhood, before the onset of AN, they may reflect traits that contribute to vulnerabilities to develop AN.
The purpose of this study was to determine whether individuals recovered from restricting-type AN have an abnormal physiological response to sugar, a pleasant taste, or water, a neutral contrast taste, in the primary or in secondary taste-modulation cortical regions. Individuals recovered from AN were compared to matched control women (CW), and sugar and water were administered in a blind, controlled manner. We used a 10% concentration of sucrose. This concentration is present in soft drinks and is a level of sweetness preferred by the general public (Drewnowski et al, 1987; Sunday and Halmi, 1990) . In primates and healthy humans, both sugar (Rolls, 2005) and water (Scott et al, 1986; Yaxley et al, 1990; Zald and Pardo, 2000; De Araujo et al, 2003a) ingestion activates neurons in the primary and secondary cortical taste areas. We hypothesize that AN women might have a disturbance of these higher order pathways modulating the sensory and hedonic aspects of feeding. Individuals with AN do not simply have a loss of appetite. Rather, they display puzzling symptoms that include the avoidance and fear of normally pleasurable foods. Yet, they are also obsessed with such foods, and often 'window-shop' these foods in supermarkets, collect recipes and cookbooks, and cook such foods for others.
The anterior insula, and many of these secondary tastemodulatory regions, also contribute to emotional regulation (Fudge et al, 2005; Paulus and Stein, 2006; Stein et al, 2006) . It is clinically well recognized that anxiety often accompanies eating in individuals with AN. Thus we compared sugar to water, and asked subjects to rate their anxiety and the pleasantness of the taste stimuli. We wanted to determine whether the signal in response to sugar was markedly different than the signal in response to water, and if the difference was related to anxiety.
MATERIALS AND METHODS

Sample Collection
Sixteen women who had recovered from restricting-type AN were recruited. Subjects were previously treated in the EDs treatment program at the Western Psychiatric Institute and Clinic (Pittsburgh, PA) or were recruited through advertisements. To be considered 'recovered', subjects had to (1) maintain a weight above 90% average body weight (Metropolitan Life Insurance Company, 1959) , (2) have regular menstrual cycles; and (3) have not binged, purged, or engaged in significant restrictive eating patterns for at least 1 year before the study. Restrictive eating pattern was defined as regularly occurring behaviors, such as restricting food intake, restricting high-caloric food, counting calories, and dieting. Additionally, subjects must not have used psychoactive medication such as antidepressants or met criteria for alcohol or drug abuse or dependence, major depressive disorder (MDD), or severe anxiety disorder within 3 months of the study. Sixteen age-matched healthy CW were recruited through local advertisements. The CW had no history of an ED or any psychiatric, serious medical, or neurological illness. They had no first-degree relative with an ED. They had normal menstrual cycles and had been within normal weight range since menarche. CW were not on medication, including herbal supplements.
This study was conducted according to the institutional review board regulations of the University of Pittsburgh, and all subjects gave written informed consent. The MR imaging was performed during the first 10 days of the follicular phase for all subjects. The MR study was performed at 0900 hours. All subjects had the same standardized breakfast (bread, butter, marmalade, milk/ juice; no coffee) on the morning (0700 hours) of the study. This design was chosen to standardize the subjects' state of satiety.
Assessments
A comprehensive battery of clinical interviews and selfassessments was designed to assess symptoms typical in individuals with EDs. Trained doctoral level clinicians with experience in EDs administered the clinical interviews. All instruments have demonstrated good reliability and validity. A comprehensive description of the assessment is described elsewhere (Wagner et al, 2006a) . After scanning, subjects were asked to provide subjective pleasantness ratings for each individual taste (using a scale from + 3 ¼ very pleasant, 0 ¼ neutral, through to À3 ¼ very unpleasant). In addition, they were asked how anxious they got + 3 ¼ very anxious, 0 ¼ no effect, À3 ¼ calm) for each individual taste.
Experimental Paradigm
The paradigm was based on a task developed in our group and described previously (Frank et al, 2003) . In the present task, two different stimuli were presented: 10% sucrose (Fisher Scientific, USA) and distilled water. These solutions are described in the literature as pleasant and neutral, respectively (Drewnowski et al, 1987) . The paradigm consisted of six blocks of 20 trials each. Within blocks, stimuli were presented either sequentially or pseudorandomly. This paper presents data for the two pseudorandom blocks as the data for the sequential blocks are driven by habituation effects (data not shown). Thus, sucrose and water were presented randomly, but in the same 'random' order for all subjects (hence pseudorandom). Within these pseudorandom blocks, the number of sampling scans of sucrose and water was the same resulting in a total of 20 for both. Each taste stimulus consisted of 1 ml volume of liquid and was delivered every 20 s through one of two tubes in the buccal region. Subjects were trained to perform one tongue motion (swishing the solutions across the tongue) after each application of taste stimulant, to wash the taste stimulus around the mouth and stimulate taste buds.
Apparatus
The macronutrient solutions were contained in two 25 ml syringes, which were attached to a semiautomatic and programmable customized syringe pump (J-Kem Scientific, St Louis, MO), positioned in the scanner control room (Frank et al, 2003) . Tastes were delivered to the subjects via two separate approximately 10-m long FDA approved food grade Teflon tubes (Cole-Parmer Vernon Hills, IL). The syringes were also attached to a computer-controlled valve system, which enabled the two solutions to be delivered independently along the tubing. Taste delivery was controlled by E-Prime (Psychology Software Tools, Inc., Pittsburgh, PA) software operating on a PC positioned in the control room. The stimuli were also synchronized with MR scanning.
Scanning Procedures
Imaging data were collected with a 3T Signa scanner (GE Medical Systems). High-resolution anatomical images (1.5 mm 3 ) were acquired for each subject. Additionally, T1 structural images were acquired with a 3.2 mm thickness (in-plane with the functional images). These had 36 oblique axial slices oriented parallel to a line from the anterior to posterior commissures (the AC-PC line), with an in-plane resolution of 0.78 mm 2 and with a field of view of 200 mm 2 . Functional images were acquired using a one-shot reverse spiral pulse sequence (Noll et al, 1995; Bornert et al, 2000) with TE ¼ 26 ms and TR ¼ 2000 ms; 30 oblique axial slices were acquired with an in-plane resolution of 64 Â 64 with 3.125 mm 2 pixels and a slice thickness of 3.2 mm, with a field of view of 200 mm 2 . The presentation of stimuli was synchronized with the scanning such that 10 2-s images were acquired per trial.
Image Analysis
Data preprocessing. Motion correction was performed using a six-parameter linear algorithm (Woods et al, 1998) . A linear detrending algorithm was also carried out, using only data within three standard deviations of the mean to estimate the linear trend. Global normalization was performed multiplicatively to give each subject a mean intensity of 3000. All analyses were conducted on a singlesubject basis on non-cross-registered data.
ROI selection. We used an a priori region of interest (ROI) approach, with the regions defined anatomically in each individual's anatomic space. In order to characterize higher order cortical taste regions, we selected the insula, OFC (BA 11), amygdala, and anterior cingulate cortex. Our group recently reported that remitted AN had evidence of increased Dopamine (DA) D2/D3 receptor binding in the anterior ventral striatal regions . DA has been reported to be released in response to taste of food in animals and humans (Mirenowicz and Schultz, 1994; Schultz, 1998; Small et al, 2003b) . Thus it is possible that remitted AN have an altered DA response to feeding. In addition, our group has found that remitted AN have altered responses to monetary reward, compared to CW, and fail to appropriately discriminate positive and negative feedback (Wagner et al, 2005) . This latter study raised the possibility that remitted AN have dysregulated corticostriatal response to salient stimuli in general, and not just food. For these reasons, we included exploratory assessments of fMRI response in striatal regions where we previously found disturbances of D2/D3 binding . We also explored striatal regions known to receive strong inputs from the anterior insula, a circuit implicated in the modulation of feeding (Small et al, 2001; Kelley et al, 2002; Fudge et al, 2005) .
Automated labeling pathway. An automated approach for defining the ROIs was used, as described in Wu et al (2006) . The anatomical ROIs were chosen based on a literature review of previous studies. Bilateral BA11, insula, anterior cingulate cortex, and amygdala were defined in the Automatic Anatomical Labeling (aal) map obtained from the MRIcro software package (Tzourio-Mazoyer et al, 2002) . The subdivisions for the striatum were chosen based on criteria defined previously by Drevets et al (2001) . In order to define each ROI for each single subject in her own space, the following steps were performed. First, each subject's low-resolution anatomical image was cross-registered to her high-resolution anatomical image, using a six-parameter linear algorithm (Woods et al, 1998) . Then the Montreal Neurological Institute single-subject high-resolution anatomical image (the Colin brain) was aligned with each subject's high-resolution anatomical image using a fully deformable demons-based algorithm implemented in the Insight Segmentation and Registration Toolkit (www. itk.org). Each ROI from the aal map was then put onto each subject's SPGR. Then a gray matter mask was applied to each label, using the FAST algorithm from the FSL package (Zhang et al, 2001) . The labeling of each subject's ROIs was then visually inspected to assure accurate mappings.
Time series analysis. For each subject and for each ROI, a mean time series was extracted. The time series for all voxels in each region was first calculated as the percent signal change across the 10 different scans of a trial, that is, the percent change of signal intensity in all voxels from the first scan of the trial. The mean signal for each trial-type and for each region was then calculated and again averaged. The resulting time series data (10 time points for each subject for each ROI; each time point is 1 s) were then used in the statistical analyses described below.
Statistical analysis. Region-of-interest fMRI time series data were analyzed using JMP (SAS Institute, Inc.). Comparisons within and between groups were performed using analyses of variance method, with factors for group (patient vs control), time point (ie scan numbers 2-10), and condition (sucrose vs neutral).
Standard statistical software package (SPSS Version 12) was used for all analyses of behavioral and demographic data. Comparisons between the two groups were made using Wilcoxon rank-sum tests. The exact levels were used due to the small sample sizes. Pearson's correlation coefficients were also computed using the mean percentage signal change across all trials.
RESULTS
Behavioral Results
Women recovered from AN and CW were of similar age (Table 1 ). The remitted AN subjects had a significantly lower current BMI than the CW, although mean BMI for both were within a normal range. As expected, at the lowest point, lifetime BMI was significantly less in AN compared to CW. AN had the onset of their ED when they were 16.473.1 years old, and had been recovered for 45.7730.2 months.
Ten subjects in the AN group had a lifetime history of MDD and eight subjects had a lifetime history of obsessivecompulsive disorder. Additional lifetime comorbidity included alcohol abuse/dependence (two subjects), and drug abuse/dependence (one subject). None of the AN subjects had a history of any psychotic disorder. AN subjects had significantly higher values for trait and state anxiety (Spielberger Stait-Trait Anxiety Inventory (Spielberger et al, 1970) ), depression (Beck Depression Inventory (Beck et al, 1961 ) BDI), and harm avoidance (Cloninger et al, 1994) in comparison to CW (Table 1) .
FMRI Results
The three-way interaction for all regions was not significant (data not shown), indicating that the groups across conditions and across time behaved similarly. A two-way comparison of condition Â time showed no significant differences across the regions, suggesting that the total group behaved similarly for sugar and water. Another two-way comparison was carried out, in which we tested differences between the groups to the taste stimuli in general, independent of whether the taste was sugar or water. This analysis, collapsed across conditions, revealed ROIs where the shape of the BOLD response differed over time between the groups ( Table 2 ). The AN showed reduced response over time, regardless of condition (eg sucrose or water) for the insula bilaterally (Figure 1 ). In addition, broad regions of the striatum including the dorsal and middle caudate, and dorsal and ventral putamen (Figure 2) as well as the anterior cingulate cortex showed similar reduced responses compared to controls. In contrast, AN and CW showed a similar response to sugar and water in the anterioventral striatum (AVS), amygdala, and OFC (BA 11).
For CW, the signal activity (mean percentage signal change) of the insula (Figure 3 ) was significantly positively related to ratings for the pleasantness of the sucrose taste (left: r ¼ 0.648, P ¼ 0.007; right: r ¼ 0.608, P ¼ 0.01). Similarly, CW showed significant positive relationships between their ratings of pleasantness and signal activity for sucrose for the right and left ventral putamen (left: r ¼ 0.603, P ¼ 0.013; right: r ¼ 0.548, P ¼ 0.028), dorsal putamen (left: r ¼ 0.496, P ¼ 0.05; right: r ¼ 0.609, P ¼ 0.012), and anterior cingulate cortex (r ¼ 0.564, P ¼ 0.023). In comparison, no relationships were found for the AN subjects between their ratings of pleasantness of the sucrose taste and any brain region. No relationship was found between perceived pleasantness of the taste of water and any brain region for either of the two groups. We also asked subjects to rate their degree of anxious feelings during the taste procedure, as a means of assessing a dysphoric response to the taste stimuli. The signal activity of the insula when tasting sugar was not related to anxious feelings for CW if an outlier was removed (left: r ¼ À0.487, P ¼ 0.066; right: r ¼ À0.334, P ¼ 0.224). Similarly, there was no relationship between anxiety and signal response to sugar in AN subjects in the insula (left: r ¼ À0.434, P ¼ 0.092, right; r ¼ À0.187, P ¼ 0.487) or any other ROI. In addition, there was also no relationship between anxiety and signal response to water in either group for all ROIs.
Mean percent signal changes in AN subjects for all ROIs were not related to age, BMI, length of recovery, or anxiety (STAI) (eg AN insula left: r ¼ 0. 
DISCUSSION
This is the first study to use fMRI to investigate the effect of administration of nutrients to individuals with AN. This study provides evidence that individuals recovered from AN have disturbances of gustatory processing in the central nervous system. Compared to CW, the remitted AN subjects had a significantly reduced fMRI signal response to the blind administration of sucrose or water in the insula, anterior cingulate, and striatal regions. Importantly, AN and CW also showed differences in correlations between experience of pleasant taste and brain activation. For CW, self-ratings of pleasantness of the sugar taste were positively correlated to the signal response in the insula, anterior cingulate, and ventral and dorsal putamen. In comparison, AN individuals failed to show any relationship in these regions to self-ratings of pleasant response to a sucrose taste.
To our knowledge, only one previous study has used fMRI to investigate response to food in remitted AN compared to healthy controls (Uher et al, 2003) . However that study did not utilize actual taste stimuli, but showed pictures of food, a nongustatory stimulus, to subjects. Still, these investigators found that remitted AN subjects had altered activation of the anterior cingulate cortex and medial prefrontal regions, but did not report group differences in insula activation. While both of our studies show that remitted AN have an altered response to a food stimulus, the differences in methodology confounds a direct comparison of the findings.
Recovered AN individuals and CW showed differences in response to a taste of nutrients in the insula, as well as middle-dorsal caudate and putamen regions. Within each group, subjects had similar neural activation in response to sucrose and water. Others have found similar phenomena in healthy human subjects (Small et al, 2001; Rolls, 2005; De Araujo et al, 2003a) . It is important to note that all five taste sensations activate the insula showing a chemotopical organization, but with a considerable overlap (Schoenfeld et al, 2004) . In this study, we carried out an ROI analysis. By selecting a relatively large ROI for the insula, we may not have been able to distinguish the specific and perhaps different areas that are activated for sugar and water. That should be addressed in future studies.
Imaging methods used in this study were based on anatomical ROIs as a first pass at understanding the function of these regions. Discrimination of subregions of the insula is difficult because of the absence of landmarks. Functional divisions of the insula are based on cytoarchitectural, connectional, and behavioral studies in higher primates (Kaada et al, 1953; Mesulam and Mufson, 1982; Carmichael et al, 1994) . In general, the anterior, less differentiated half of the insula receives the majority of projections from the amygdala and thalamic taste centers, making it an ideal site for the formulation of hedonic representations of taste. Consistent with this, anterior portions of the insula have been shown to be differentially activated to the intensity and valence of pleasant and unpleasant tastes (Small et al, 2003a) , and are thus important to examine in the eating disordered population.
A large literature shows that the anterior insula and associated gustatory cortex responds not only to the taste and physical properties of food, but also to its rewarding properties (Schultz et al, 2000; O'Doherty et al, 2001; Small et al, 2001 ). Animal models show that fine tuning of feeding responses to salient food items are lost after insula lesions. For example, the natural devaluation of food after feeding to satiety is attenuated in lesioned animals, suggesting that the insula encodes representations of the incentive value of taste under specific conditions (Balleine and Dickinson, 2000) . Similarly, appropriate avoidance of foods previously associated to sickening agents is lost after insula lesions, providing further evidence that the insula encodes the incentive value of taste in particular circumstances (Dunn and Everitt, 1988) . Our results in the insula are reinforced by parallel findings in basal ganglia subregions that receive insula inputs. While the entire striatum receives inputs from the insula as a whole, the ventral putamen is a specific recipient of inputs from anterior insular regions encompassing the gustatory cortex (Fudge et al, 2005) . The ventral putamen in turn projects to the globus pallidus, another region with significant alterations in signal. The pattern of relatively decreased signal in these interconnected structures suggests a circuit-wide disturbance in recovered AN. Insular inputs to the striatum are hypothesized to mediate behaviors involving eating, particularly of highly palatable, high energy foods. The ventrolateral striatal subregions, including the ventral putamen, have been especially implicated (Kelley et al, 2002) . AN subjects tend to avoid high calorie, palatable food. In theory, this is consistent with abnormal responses of insula-striatal circuits that are hypothesized to mediate behavioral responses to the incentive value of food.
The insula, and these connected regions, are thought to play an important role in processing interoceptive information, which can be defined as the sense of the physiological condition of the entire body (Craig, 2002) . Aside from taste, interoceptive information includes sensations such as temperature, touch, muscular and visceral sensations, vasomotor flush, air hunger, and others (Paulus and Stein, 2006) . The role of the insula is thus focused on how the value of stimuli might affect the body state. The involvement of the circuit that processes introceptive stimuli in AN raises the question of whether these individuals have a specific disturbance of taste modulation, or a more generalized disturbance related to the integration of interoceptive stimuli. The possibility that this is a more generalized phenomenon is supported by another fMRI study from our group that used a monetary reward task (Wagner et al, 2005) . That study found that recovered AN subjects had altered discrimination of positive and negative stimuli in ventral and dorsal striatal regions. As noted by Paulus and Stein (2006) , interoception has long been thought to be critical for self-awareness because it provides the link between cognitive and affective processes and the current body state. Many of the symptoms commonly found in AN, such as distorted body image, lack of recognition of the symptoms of malnutrition, such as a failure to appropriately respond to hunger, and diminished motivation to change, could be related to disturbed introceptive awareness. Importantly, only controls, but not recovered AN, showed a positive relationship between self-ratings of pleasantness and the intensity of the signal for sugar in the insula, ventral, and dorsal putamen as well as anterior cingulate cortex. Consistent with these findings Small et al (2001 Small et al ( , 2003a found valence-specific responses in the anterior insula/operculum, OFC, and anterior cingulate cortex in healthy subjects. In contrast, amygdala activity was driven by stimulus intensity irrespective of valence. We used only one stimulus intensity (water or 10% sucrose), and did not find responses in the amygdala, possibly supporting the idea that the amygdala is less involved in coding the valence (pleasantness) of the stimulus.
When we designed this study, we had concerns that an anxious response to the taste of a sugar might contribute to an altered response in AN. That is because individuals prone to anxiety often have heightened activity in the anterior insula during processing of certain kinds of salient stimuli (Paulus and Stein, 2006) . We found no difference in response to sucrose and water in either group. However, there was a trend toward a negative relationship with selfratings of anxiety in the left insula when tasting sugar in the AN subjects and a positive relationships with self-ratings of pleasure in CW. Potential contributions of emotional valance should be explored in future studies.
Some studies claim that the OFC is responsive to hedonic properties and the insula is not (De Araujo et al, 2003b; Kringelbach et al, 2003; Rolls, 2005) . We found no difference between groups in terms of activation to sugar or water and no correlations between pleasantness ratings and neural activity in the portion of OFC considered Insula response to a taste stimulus in anorexia nervosa A Wagner et al 'secondary gustatory cortex'. We did not examine the entire OFC, rather focused on BA11 described previously in gustatory-related studies (O'Doherty et al, 2000) . Neurons in the secondary gustatory cortex may be preferentially tuned to satiety state (Rolls et al, 1981; Rolls, 2005) . Since subjects in this study were fed to satiety before testing, the absence of activation of the OFC could be due to sensoryspecific satiety effects. It is important to note that the anterior insula occupies the caudal aspect of the OFC in higher primates. The distinction between the ventral OFC (including the secondary gustatory cortex) and anterior insula cannot therefore be reliably distinguished in functional imaging studies. In addition, the expectation of a sweet taste, in contrast to a neutral taste, results in activation of OFC (and amygdala and anterior striatum), while the receipt of both stimuli activates only a very lateral area of the OFC that looks like anterior insula (O'Doherty et al, 2002) . Therefore the lack of anticipation of stimuli in our design could account for the lack of OFC (BA11) activation, as well as lack of amygdala and anterior ventral striatal activation in our study.
The lack of AVS and OFC findings could also be due to susceptibility artifact from the frontal sinus, which decreases the signal-to-noise ratio, and therefore further lowers the power to detect differences in these regions. Although our study was designed to minimize susceptibility artifact by using a reverse spiral acquisition (Stenger et al, 1999) , susceptibility artifact in the AVS and OFC remains a concern.
Limitations/Future Directions
A considerable literature has focused on determining how feeding-related circuits work in healthy people. This is the first study of this type to examine some of these functional pathways in AN, a complex disease with eating disturbance as a core feature. To more precisely understand brain circuitry underlying eating behavior in AN, future studies employing voxel-based measures will be important. Furthermore, assessing which taste stimuli, and their optimal intensity, are 'pleasant' for AN requires more study. For example, we decided to use a 10% sucrose because this percent is assumed to be pleasant for many people (Drewnowski et al, 1987; Sunday and Halmi, 1990) . But it is possible that other intensities of sugar might show different results. Many factors may influence these findings, including anticipatory anxiety, mood status, laterality or pre-study food ingestion. Future studies should address these issues, as well as the response to other foods, such as dietary fat.
Functional MRI group analyses are potentially confounded by differences in neuroanatomy between the groups, which can lead to inconsistent alignment of the functional MRI data into a common anatomic space. A recent study from our group, including some of these subjects, showed normal brain volume after recovery from AN (Wagner et al, 2006b ). Still, it is possible that the recovered AN brains may systematically have more alignment error than the control subjects. In the current study we addressed this by using a single-subject ROI-based analysis, focusing on regions for which we had initial hypotheses. Our approach limits errors due to poor registration by selecting the ROI separately for each subject, using a non-linear warp and segmentation, to define the anatomic ROIs for each subject (Wu et al, 2006) . This ROIbased approach, however, is limited to a priori pre-defined ROIs. Thus, for instance, we are unable to identify whether specific sub-regions of the insula are differentially activated by taste in these groups. However, discrimination of subregions of the insula is difficult because of the absence of landmarks. Functional divisions of the insula are based on cytoarchitectural, connectional and behavioral studies in higher primates (Kaada et al, 1953; Mesulam and Mufson, 1982; Carmichael et al, 1994) . In general, the anterior, less differentiated half of the insula receives the majority of projections from the amygdala and thalamic taste centers, making it an ideal site for the formulation of hedonic representations of taste. Consistent with this, anterior portions of the insula have been shown to be differentially activated to the intensity and valence of pleasant and unpleasant tastes (Small et al, 2003a, b) , and are thus important to examine in the eating disordered population in future studies.
Finally, AN is a psychiatric disorder with disturbances in mood and anxiety regulation in addition to core eating dysregulation. Processing of emotionally relevant stimuli occurs in prefrontal cortex, OFC, and amygdala/striatal regions, and has been found to be aberrant in patients with major depression and anxiety disorder (Keedwell et al, 2005; Tremblay et al, 2005; Forbes et al, 2007; Pillay et al, 2006) . Comparing AN individuals to psychiatric controls with mood and anxiety findings, as well as normal controls, will eventually be important in determining whether aberrant feeding behaviors are related to more general anxiety and mood phenomena. The cross-sectional design of this study does not permit determining whether these findings are a trait that contributes to the onset of AN, or a 'scar' that is the consequence of past malnutrition and weight loss.
In summary, this is the first study to show that a dysregulation of the insula and related regions in response to taste of nutrients occurs in AN. This supports the possibility that individuals with AN do, in fact, have disturbances of appetite regulation. The wealth of studies in healthy humans and non-human primates provides a body of knowledge that can be used to begin to understand the pathophysiology of this devastating and difficult to treat illness.
